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T h e sp in p olarization of ferrom ag netic alk ali-m etal iron antim onides K F e4S b1 2 and N aF e4S b1 2 is
stu died by p oint-contact A ndreev reflection u sing su p ercondu cting N b and P b tip s. F rom th ese m ea-
su rem ents an intrinsic transp ort sp in p olarization Pt of 67 % and 60% for th e K and N a com p ou nd,
resp ectiv ely , is inferred w h ich establish es th ese m aterials as a new class of h ig h ly sp in p olarized
ferrom ag nets. T h e resu lts are in accord w ith band stru ctu re calcu lations w ith in th e local sp in den-
sity ap p rox im ation (L S DA ) th at p redict nearly 1 00% sp in p olarization in th e density of states. W e
discu ss th e im p act of calcu lated F erm i v elocities and sp in flu ctu ations on Pt.
P A C S n u m b e rs: 7 5 .5 0 .B b , 7 2 .2 5 .B a , 7 4.45 .+ c , 7 4.5 0 .+ r
E lectron ic d ev ices b ased up on sp in con trol (sp in -
tron ic s)1 an d n ew materials with a hig h d eg ree of
sp in p olarization , e.g ., half-metallic ferromag n ets,2,3
hav e ev olv ed as top ic s of p articular atten tion in recen t
y ears. In d ep en d en tly , the fi lled sk utterud ite comp oun d s,
AM4X12 (M is a tran sition metal, X a p n ic tid e), hav e
b ecome materials of v ast p ossib ilities.4 F or, these com-
p oun d s can b e sy n thesized with a v ariety of fi ller ele-
men ts, A, ran g in g from sod ium sp an n in g the alk alin e
an d rare earths, to the actin id es. U sually , the tran sition
metal site (F e, R u or O s) is n on -mag n etic . The lattice
p arameter of these cub ic comp oun d s can b e in c reased
sy stematically b y p roceed in g from P to Sb an d from F e
to O s, thereb y g en eratin g such d iv erse b ehav ior as un -
con v en tion al sup ercon d uctiv ity , q uan tum an d correlated
electron mag n etism an d larg e thermoelectric eff ects,4– 7
the latter in itiatin g the in terest in these materials.
P articular in terestin g ex amp les are the fi lled sk utteru-
d ites with iron -an timon y host.8 H ere, the mag n etic p rop -
erties are g ov ern ed b y the charg e of the fi ller ion , esp e-
c ially if it is n on -mag n etic , e.g ., N a1+ , Ca2+ , L a3 + . Sur-
p risin g ly , the comp oun d s con tain in g mon ov alen t cation s
are ferromag n etic . In our p rior work 9 ,10 we hav e ev i-
d en ced that the N a an d K comp oun d s are weak itin er-
an t ferromag n ets with a Curie temp erature TC = 8 5 K
where a c lear mag n etic p hase tran sition is ob serv ed in
all b ulk p rop erties. P rev ious b an d -structure calculation s
within the local sp in d en sity ap p rox imation (L SD A ) for
N aF e4Sb 12 p red ic ted a sp in -sp lit d en sity of states with al-
most p erfect half-metallic b ehav ior.10 Comp oun d s with
d iv alen t fi llers (e.g . CaF e4Sb 12) are n early ferromag n etic
metals, i.e. they d o n ot show ferromag n etism. Y et, they
ex hib it larg e p aramag n etic suscep tib ilities or Ston er fac-
tors an d Sommerfeld -W ilson ratios RW ≈ 2 4 .
10 ,12,13
In this rep ort, we p resen t the fi rst p oin t-con tact A n -
d reev refl ection (P CA R ) measuremen ts14,15 con d ucted
on K F e4Sb 12 an d N aF e4Sb 12 samp les to v erify the the-
oretical p red ic tion . In ad d ition , we p resen t d etailed
b an d structure calculation s, in c lud in g the F ermi surface
an d F ermi v eloc ities. F rom the comb in ation of P CA R
measuremen ts an d L SD A calculation we n ot on ly in -
fer a remark ab ly hig h d eg ree of tran sp ort sp in p olariza-
tion Pt ≈ 6 7 % , which is a k ey p arameter in sp in tron -
ic s ap p lication s.16 B ut we can also un amb ig uously relate
this to a hig h d en sity of states in the metallic chan n el
which p rotects the sp in p olarization in these materials
ag ain st d etrimen tal in fl uen ces of scatterin g .17 This cer-
tain ly mak es K F e4Sb 12 an d N aF e4Sb 12 in terestin g can d i-
d ates for sp ectroscop ic in v estig ation s. O b v iously , these
two comp oun d s in trod uce a n ew class of materials that
ex hib its a larg e d eg ree of sp in p olarization an d itin eran t
electron mag n etism with a rather hig h TC.
P oly c ry stallin e samp les of K F e4Sb 12 an d N aF e4Sb 12
alon g with CaF e4Sb 12 as a n on -ferromag n etic referen ce
material were p rep ared an d characterized as d esc rib ed
p rev iously .9 ,10 P owd ers were comp acted b y sp ark p lasma
sin terin g (SP S) at p ressures of 6 0 0 M P a in an arg on at-
mosp here. A ll ex p erimen ts were con d ucted on p ieces
cut from the same b atches. A p olished surface of
the K F e4Sb 12 samp le shows an av erag e g rain size of ≈
1 5 µm2. The electrical resistiv ities ρ(3 0 0 K ) ran g e b e-
tween 2 2 0 an d 5 3 0 µΩ cm. A s the achiev ed d en sity of
these sin ter materials may slig htly v ary the resid ual re-
sistiv ities are samp le d ep en d en t. N on etheless, the v alues
of ρ are similar to those of AF e4Sb 12 samp les with A =
Ca, Sr, B a p rep ared b y the same method .12 The com-
mon feature in all ρ(T ) curv es is a should er aroun d 7 0 –
8 0 K which is a fi n g erp rin t of carriers scatterin g on sp in
fl uctuation s.12,18 O n top of this a tin y k in k at ≈ 8 5 K
sig n als the ferromag n etic ord erin g of the N a an d the K
comp oun d (c f. [1 8 ] for d etails). The ferromag n etic state
of N a an d K F e4Sb 12 is characterized b y a small rema-
n en t mag n etization Mr/ F e-atom ≈ 0 .2 5 µB at 1 .8 K .
9 ,10
H y steresis curv es are alread y c losed at 1 0 k O e. H owev er,
the mag n etization k eep s in c reasin g up to the max imum
ap p lied fi eld (M / F e-atom ≈ 0 .6 0 µB at 1 4 0 k O e) in d icat-
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FIG. 1: (color online) Selected conductance spectra for the
skutterudites (a), (c) KFe4Sb12 and (b), (d) NaFe4Sb12. The
spectra were measured (dots) using (a-c) Nb or (d) Pb tips
and normalized to the normal state conductance Gn at high
voltage. The lines present the results of the best fi ts with the
fi t parameters given in each panel (see text).
ing the strong spin fluctuations in these ferromagnets.10
Interestingly, the K and Na compounds exhibit almost
identical properties.9,10
The point-contact Andreev reflection measurements
were performed at 2.8K in a liquid He continuous flow
cryostat. The samples were polished with very fine emery
paper to a mirror finish and immediately loaded for ex-
periments to avoid surface degradation. Mechanically
cut sharp Nb or Pb tips were engaged on the samples
by a differential screw arrangement to establish contacts
of minimum size. Differential conductance G(V ) versus
voltage V characteristics of the contact were obtained us-
ing a lock-in modulation technique at 372Hz. The typi-
cal resistance of the contacts in the normal state varied
between 10 – 20 Ω.
In Fig. 1 we show four representative spectra with var-
ious combinations of ferromagnetic samples and super-
conducting tips. The transport spin polarization Pt was
extracted from the spectra by fitting a Blonder-Tinkham-
Klapwijk (BTK) theory19 modified to incorporate the ef-
fect of spin polarization.20,21 The vast majority of spectra
were analyzed using three fitting parameters, namely Pt,
the superconducting energy gap ∆ , and the barrier pa-
rameter Z which characterizes the strength of the poten-
tial barrier at the interface. While modeling the spectra,
∆ was kept within 10% of its bulk value for the given su-
perconductors. For a small number of spectra we added
to ∆ a small broadening parameter, Γ ∼ 0.1− 0.2 meV ,
for fine corrections to the fits. However, no Γ was re-
quired for fitting the spectra with low Z values (as, e.g,
those presented in Fig. 1) which is representative of the
intrinsic spin polarization.22 Note that the comparatively
low Z values of these spectra ensure a good quality of the
fits and have the highest impact on the extrapolated in-
trinsic Pt values.
Figure 2 shows the variation of the extracted values
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FIG. 2: (color) Transport spin polarization Pt in dependence
on the Z-value for the diff erent sample/ tip combinations mea-
sured. The extrapolation to zero Z yields the intrinsic spin
polarization of the two skutterudites. The indicated error bar
is representative for all measurements.
of Pt as a function of the barrier parameter Z. Pt de-
creases with increasing Z, a behavior that has been ob-
served earlier in a variety of ferromagnets and is believed
to arise from spin depolarization at a magnetically dis-
ordered scattering barrier formed at the interface. The
intrinsic value of Pt is therefore extracted by linearly ex-
trapolating the Pt vs. Z curve to Z = 0. The consistency
of this procedure is easily seen in the case of NaFe4Sb12:
measurements carried out with both Pb and Nb tips re-
sult in the same value of the intrinsic spin polarization
(within experimental errors), though the decay of Pt with
Z is different for the two cases due to differences in the
nature of the interfaces. The intrinsic value of Pt ex-
tracted in this way is 67% for KFe4Sb12, and 60% for
NaFe4Sb12.
23 We note that PCAR measurements were
also conducted on CaFe4Sb12, the structurally closest
but non-ferromagnetic homologue to the compounds of
interest here. As expected we found Pt = 0 for all fitting
attempts using CaFe4Sb12. This result constitutes a con-
sistency check with respect to the Pt values as extracted
from the PCAR measurements.
To gain further insight into the electronic struc-
ture of these materials on a microscopic level, a full-
potential non-orthogonal local-orbital calculation scheme
(FPLO)24 within the LSDA was utilized. In the scalar-
relativistic calculations the exchange and correlation po-
tential of Perdew and Wang25 was used. As the basis
set, Na(2s, 2p, 3s, 3p, 3d), K(3s, 3p, 4s, 4p, 3d), Fe (3s,
3p, 4s, 4p, 3d) and Sb (4s, 4p, 4d, 5s, 5p, 5d) states
were employed. The lower-lying states were treated fully
relativistically as core states. The Na and K 3d states
as well as the Sb 5d states were taken into account as
polarization states to increase the completeness of the
basis set. The treatment of the Na(2s, 2p), K(3s, 3p),
Fe(3s, 3p) and Sb (4s, 4p, 4d) semi-core like states as va-
lence states was necessary to account for non-negligible
core-core overlaps. The spatial extension of the basis or-
bitals, controlled by a confining potential (r / r0)
4, was
3optimized to minimize the total energy.26 For self con-
sistency, a fine k-mesh of 1256 points in the irreducible
part of the Brillouin zone (27,000 in the full zone) was
used. To ensure accurate density of states (DOS) and
band structure information, especially to obtain smooth
Fermi surfaces and reliable Fermi velocities vF, a k-mesh
of 1,000,000 points was used in a final step.
Our band structure calculations result in a ferromag-
netic ground state for KFe4Sb12 with a nearly integer
magnetic moment of 2.9 8 µB per formula unit. The states
in the spin split region originate predominantly from Fe-
3d hybridized with the Sb-5p states (see Fig. 3). We
find an almost fully polarized DOS at the Fermi level
EF for KFe4Sb12 [see Fig. 3(a)]. The DOS contribu-
tion in the spin-up channel can be assigned mainly to
two bands (Fermi surfaces) of almost pure Fe-3d charac-
ter [see Fig. 3(b)]. There is only one band of strongly
mixed Sb 5p–Fe 3d character crossing EF in the spin-
down channel [see Fig. 3(b)]. Due to its high value of
vF ∼ 0.3 × 10
6 ms−1, this band makes only a tiny con-
tribution to the number of states at EF.
In case of spin polarization (Pn) measurements it is
imperative to bear in mind that in addition to the DOS
at EF, N(EF), also the Fermi velocity vF may influence
the obtained value of Pn. Pn may be defined by
27,28
Pn =
∫
N↑(EF) v
n
F↑ dS −
∫
N↓(EF) v
n
F↓ dS∫
N↑(EF) vnF↑ dS +
∫
N↓(EF) vnF↓ dS
(1)
where the integrals are taken over all Fermi surfaces and
the arrows distinguish the two spin channels. The expo-
nent n is determined by the applied experimental tech-
nique (at least in the case of Pn 6= 1): Only in the case of
spin-resolved photoemission, Eq. (1) simplifies to a form
P0 = (N↑−N↓)/(N↑+N↓) solely determined by the DOS
at EF. This value can, of course, also be obtained from
band structure calculations. For our KFe4Sb12 the spin
polarization amounts to P0 = 9 9 .6%, a value very similar
to the one reported for the isovalent Na compound.10 In
the case of electronic transport measurements (as our
PCAR measurements) a further distinction has to be
made depending on the size of the contact d in compari-
son to the elastic and inelastic electronic mean free path,
le and lin, respectively. In the ballistic regime le > d
one finds n = 1, whereas n = 2 in the diffusive regime
le < d < lin (in the thermal regime, lin < d, is not of
interest here since all spectral information is lost). Tun-
neling experiments can also be described by Eq. (1) and
n = 2 and correspond to large values of Z.
From the band structure calculations we find very dif-
ferent vF for the two spin channels. As a result, the
calculated spin polarization is reduced as the exponent
n by which vF enters into Eq. 1 increases: we calculate
P0 = 0.9 9 6, P1 = 0.9 68 and P2 = 0.765. This behavior
places emphasis on the fact that the high value of Pt for
the skutterudites stems from the almost completely spin-
polarized DOS at EF, however reduced by the fact that
the spin band with lower (higher) DOS has the higher
(lower) Fermi velocity.
vF (10
5 m s−1)
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FIG. 3: (color) Calculated density of states (DOS) and Fermi
surfaces for KFe4Sb12. (a) Total DOS and partial Fe-3d and
Sb-5p contributions. (b) DOS resolved for the individual
bands (band numbers are according to the basis set provided
in the text) relevant at EF. Spin-down band 176 has a non-
vanishing DOS at EF (cf. dashed line that represents a factor
of 10 magnification). (c) Fermi surfaces for the most con-
tributing spin-up bands 173 (left) and 174 (right). The color
coding indicates the Fermi velocities vF.
Comparing the experimentally obtained values of the
transport spin polarization (67% for KFe4Sb12) with the
theoretical calculations in different regimes of transport
we observe that though we fitted the spectra using a the-
ory in the ballistic limit, the extracted Pt-values are in
better agreement with the predictions in the diffusive
regime (76.5%). However, it should be noted that the
spin polarization as obtained from band structure calcu-
lations does not include several factors which are detri-
4mental to a large transport spin polarization. First, the
weak itinerant ferromagnetic nature of the filled skutteru-
dites is associated with large spin fluctuations9–11 which
would reduce the spin polarization from its theoretical
value. The presence of strong ferromagnetic fluctuations
in these compounds was already indicated by the non-
saturating magnetization. Since the high field magne-
tization value (when spin fluctuations are quenched) is
the one corresponding to band structure calculations, a
crude correlation between magnetization and spin polar-
ization would suggest a 50% decrease in the spin polar-
ization arising from this effect alone. Second, it has been
seen in several compounds30 that Pt of the surface can
be reduced with respect to its bulk value. In addition,
spin-orbit coupling in the ferromagnet, although small in
our case, reduces the spin polarization at the Fermi level.
Third, even if the contacts were in the diffusive regime,
this fitting should not yield appreciably different values
of the transport spin polarization from the given value
assuming a ballistic regime. It has been shown29 that fit-
ting a spectra from the diffusive regime of point contact
by a ballistic model yields approximately the same value
of the transport spin polarization (within ∼3%). An es-
timate of the lower bound of the mean free path within
a crystallite of KFe4Sb12, using experimental Hall effect
results in a free-electron model, yields 18 nm. Therefore,
it is possible that our point contacts with the polycrys-
talline skutterudite samples were close to the diffusive
limit . Considering all these factors the observation of
67% spin polarization in KFe4Sb12 is indeed surprising.
The key to robustness of the transport spin polariza-
tion against these detrimental effects may indeed lie in
the fact that Pt in this material is primarily governed by
the DOS of the majority (spin-down) channel which is
very small over a relatively large energy range close to
EF. This renders Pt less sensitive not only to fluctuation
effects but also with respect to impurity scattering, an
important aspect for potential applications.
In conclusion, we have demonstrated by point-contact
Andreev reflection measurements large values of trans-
port spin polarization in KFe4Sb12 (Pt ≈ 67%) and
NaFe4Sb12 (Pt ≈ 60%). These results are in line with
band structure calculations that link the large Pt to a
negligible DOS at EF in the spin-down channel. The
huge DOS at EF in the minority (spin-up) channel ren-
ders these compounds ideal candidates for spectroscopic
investigations. Moreover, the filled skutterudites consti-
tute an interesting new class of materials with large po-
tential for spin transport applications.
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